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Abstract 

We discuss the quantization of a scalar field in three-dimensional asymptotic de Sitter 
space. We obtain explicit expressions for the Noether currents generating the isometry 
group in terms of the modes of the scalar field and the Liouville gravitational field. We 
extend the SL(2, C) algebra of the Noether charges to a full Virasoro algebra by introducing 
non-local conserved charges. The Virasoro algebra has the expected central charge in the 
weak coupling limit (large central charge c = 3Z/2C7, where I is the dS radius and G is 
Newton's constant). We derive the action of the Virasoro charges on states in the boundary 
CFT thus elucidating the dS/CFT correspondence. 
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1 Introduction 



As recent astronomical data suggest [1], we live in a Universe of positive cosmological con- 
stant. It is therefore imperative that one understand asymptotic de Sitter spaces. Even 
though a string theoretical understanding of de Sitter spaces at a quantum level is still a 
challenge, there has been significant progress in our understanding of the dS/CFT corre- 
sponence [2-8]. As was argued by Strominger [2], states in the bulk de Sitter space are 
holographically dual to corresponding states on the CFT at the asymptotic boundary T~ 
(infinite past). Further evidence of this duality was presented in [4]. In three dimensions, 
the asymptotic symmetry group is infinite-dimensional, matching the conformal group on 
T~ . The central charge was computed in parallel with the AdS case [9, 10] and found to be 



where I is the dS radius and G is Newton's constant. This expression was shown to be in 
agreement with a CFT calculation on the boundary of dS [5-7]. The CFT is a Euclidean 
Liouville theory and describes the asymptotic dynamics of three-dimensional gravity with 
a positive cosmological constant. Incorporating matter fields does not alter the central 
charge, however the matter fields do contribute by renormalizing the coupling constant. 
Understanding the CFT dynamics in the presence of matter fields is a challenge. 

Here we aim at further elucidating the dS/CFT correspondence for massive scalar fields 
in three dimensions. Extending the results of ref. [4], we obtain explicit expressions for all 
Noether charges generating the dS3 isometry group in terms of the modes of the scalar field 
and the Liouville gravitational field. These are semi-classical expressions valid in the weak 
coupling limit (large central charge). Quantum corrections may then be calculated using 
perturbation theory. We then extend the algebra of isometries to a full Virasoro algebra by 
introducing non-local conserved charges for the massive field (their Liouville gravitational 
field counterparts have already been discussed in [5]). We discuss the action of the Virasoro 
generators on the boundary CFT states. 

Our discussion is organized as follows. We start in section 2 by sketching the derivation 
of the salient features of pure three-dimensional gravity [11, 12] whose asymptotic dynamics 
is described by a Euclidean Liouville theory [5-7]. In section 3, we introduce a massive scalar 
field. Using static coordinates in dS3, we expand it in modes in the southern and northern 
diamonds, respectively. We also obtain its asymptotic form on the dS boundary, X~ . In 
section 4, we express the Noether charges in terms of the modes of the massive field. We 
find expressions which may be easily extended to yield a full Virasoro algebra. The new 
charges are conserved and non-local. We show that their central charge vanishes classically. 
We also obtain the action of the Virasoro generators on the boundary fields. In section 5, we 
discuss the quantization of the system. We obtain semi-classical expressions of the Virasoro 
operators which form an algebra of central charge given by (1) in the weak coupling limit 
(c> 1). We discuss their action on states built from the Euclidean vacuum which is dual 
to the SL(2, C) invariant CFT vacuum on the boundary. Finally, in section 6, we briefly 
summarize our conclusions. 



2 Asymptotic de Sitter space 

In this section we discuss the salient features of pure three-dimensional gravity with a 
positive cosmological constant. Our discussion is based mostly on refs. [5-7]. de Sitter space 
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emerges as a classical solution. We shall parametrize the metric using planar coordinates 

r-2 



, 2 dr 

as dS = J" + r rf-za-z 



henceforth setting the dS radius 



1 = 1 . 



Three-dimensional gravity is derivable from the Chern-Simons action [11, 12] 



S = - 



16vrG 



Tr ( A A dA + -A A A A A j + 



(2) 
(3) 



Tr ( A A cL4 + -A A A A A ) (4) 



The metric can be obtained from the SL(2, C) vector potentials 

A - A a r A - A a T 
where r a are the SL(2, C) generators 



T0= 2 



-i 
i 



' Tl = 2 



1 

1 



T2= 2 



1/0 -i 
i 



with the normalization condition 



tl(T a T b ) = -7] ab . 



It is advantageous to switch to the new basis 

1, . , 1/00 
r ± = -(r lT ,r 2 ) , r + = - ( Q 



1/01 




We can express the vector potential in the new basis explicitly as 



A, 



A^ iA ^ 



and similarly for A^. 

The metric expressed in terms of the vector potential is given as 

9p,v = - A^){A V - A v ). 

For asymptotic de Sitter space, we need 



(5) 



(6) 



(7) 



(8) 



(9) 



(10) 



9zz = tt + o(l) , g zz = o(l) , g TT = - — + o(t 4 ) , g ZT = o(t~ 



(11) 



We can solve the equations of motion for the vector potential, plug the solutions into (10), 
and get explicit corrections to the asymptotically de Sitter metric. The equations of motion 
from the action (4) yield 



where 



= G~ l d fjL G , A lt = G-%G 

G = g{z)M , G = g(z)M- 1 , M -- 
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1/07" 



(12) 
(13) 



The only dynamical variable is g = g l g. We obtain the components 

A T = -A T = ±-(^ _° x ) , A- z = A z = 0, (14) 

and 

A z = -M~ 1 d z gg' 1 M , A- z = Mg~ X d- z gM^ • (15) 
Decomposing g a la Gauss (including an appropriate normalization factor), 

.^.^ a ^ Y+ xv xy (16) 

we obtain 

A =M~A V2Gd z Q + e- 2 ^ n Xd z Y d z X - 2V2GXd z Q - e~ 2 ^ Q X 2 d z Y \ 

{ e~ 2 ^d z Y -V2Gd z n-e~ 2 ^ n Xd z Y J " 

(17) 

and similarly for A z . All three fields X, Y and 0, are independent of the r coordinate. 
Demanding asymptotic de Sitter space leads to constraints on X and Y of the form 

X = iV2Gd z Q , Y = -iV2Gd z Q 

e -2V2GU d _ x = • ; e -2V2Gn dzY = _ ■ (lg) 

Using these constraints we arrive at explicit expressions for the SX(2,C) fields solely in 
terms of the field 17 

where off-diagonal elements are proportional to the stress-energy tensor of a linear dilaton 
theory given by 

@ zz = (d z nf - -±=d 2 n , e- z - z = (d- z n) 2 - -±=d 2 z n , (20) 

v 2G v 2G 



The constraints (18) imply that the field obeys the Liouville equation 



'2G 

Noether charges for the linear dilaton theory are given by 



Ln= i^i zn+lQzz ' Ln= ~i^ n+lez ~ z (2i) 

These charges form Virasoro algebras with central charge 

1 3 3 

C= 4 + 2G^2G- (22) 

in agreement with (1) for I = 1 (in the limit G < 1). The contour C may be viewed as 
residing on the boundary of dS^. For n = —1,0, 1, they form a SX(2,C) algebra. In the 
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latter case, they are related to bulk expressions involving the stress-energy tensor T^ v [10] 
by a conservation law [4] 

L n = f d 2 ^T^C , n = -1,0,1 (23) 

where C£ is the corresponding Killing vector and £c is a two-dimensional surface in dS^ 
whose boundary is the curve C (similarly for L n ). 

Using the explicit form of the vector potential and eq. (10), we arrive at an explicit 
expression for the metric on an asymptotic de Sitter space, 

r 2 2G 2 1 
9zz = — H ^-®zz@zz , 9zz = — 2GB ZZ , gzz = — 2GOjj , g TT = ^ , g ZT = g ZT = , 

(24) 

clearly satisfying the requirement (11). 



3 Scalar Field 

Next, we consider a massive scalar field $> of mass m living in three-dimensional de Sitter 
space ((IS3). It is advantageous to parametrize dS3 using static coordinates, 

ds 2 s = _(l _ r 2 )dt 2 + -^- 2 + r 2 d0 2 (25) 

instead of the planar coordinates (2) used in the pure gravitational case. The two coordinate 
systems are related by a conformal transformation near the boundary Z~ (infinite past, 
r,T -> 00) [4], 

z = e~ iw , w = 9 + it (26) 
The field 3> obeys the wave equation 

-dr (r(l - r 2 )dM l -^d 2 $ + -4^1^ = m 2 <5> . (27) 

Following ref. [4], we shall solve this equation in the northern and southern diamonds 
corresponding to the range < r < 1 and then analytically continue the solution beyond 
these domains aiming at reaching the boundary Z~ which belongs to the past triangle. We 
shall present details for the southern diamond; the discussion in the northern diamond is 
similar. 

A complete set of positive frequency solutions in the southern diamond is provided by 
the wavefunctions 

<fi s = A uS f uj (r)e-*W t (28) 
where f W j obeys the radial equation 

(1 " r 2 )C +(-- *A fLi + (t^Zo -i-m 2 ] f uj = 0. (29) 



and we have included a normalization constant A^j, to be determined. A solution of (29) 
which is regular at r = is given by 

f^ = r^(l-r 2 r/ 2 F(a + ,a.;c;r 2 ) , a± = hiu + \j\ + h±) , c=l + \j\, (30) 



where 

h± = 1 ± ifj, , [x = \J m 2 — 1 , m 2 > 1 . (31) 
The choice of normalization constant 

A _ Mm V _M^ + !zl + fr+))rg(-^ + |j| + M) 
WJ " roTM) (32) 

yields an orthonormal set of wavefunctions, 
under the inner product 

. ,, . If rdrd9 ,„ ^ 

<« = 2 / ss 1372 ^ 9 * X, (34) 

where we are integrating over a spacelike hypersurface T, s (t = const.) in the southern 
diamond (0 < r < 1, < 6> < 2vr). 

It is useful to find expressions of the negative frequency eigenfunctions in terms of 
the positive frequency ones (28). Using the transformation properties of hyper geometric 
functions, one can show that 



hS * = p 2i^ jrh s = M ui nu^ + \j\ + h -)nh(-^+\j\ + h-)) 

T(\{iu; + \j\+h + ))T^(-iu+\j\+h + )) 



U3 r-u>-] 



This is a phase factor (i?^- £ K) for frequencies lo along the real and imaginary axes. Notice 
also that $-u> j = = $u -j- It is of interest to note that tf^j may also be expressed in 
terms of j as 

^ = ( _ v r(^(»u; + j + fe-))r(|(-^ + j + fe-)) (m 

V 1 T{\{iu + j + h + ))T(\(-iu+j + h + ))' y ' 

This is obvious for j > 0. For j < 0, it follows from standard Gamma function identities. 
A general solution of the wave equation (27) in the southern diamond may be expanded 

as 



/'OO 

<S> S (t,r,9) = £ / dw(a^ + a 3*5) ' 



(37) 



j=-oo 

This may also be written as a single integral over the entire real cu-axis as 



OO /»00 

$ 5 (t,r,#) = / dwa^, (38) 

where the negative frequency modes are given by 

a^ = e 2 ^a3 (39) 

on account of (35). These modes are related to the annihilation operators in [4] by 

a„j = V sinh ttuj a%j , u > (40) 
due to our choice of normalization condition (33). They obey the commutation relations 

[a^j, a£y] = sinhvrw e 2 ^ <5(u; + ^')<W,o (41) 
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Strictly speaking, since we are discussing the classical theory, the above should be inter- 
preted in terms of Poisson brackets, 

[A,B] = i{A,B} P . B . (42) 

Eq. (41) also holds quantum mechanically, after the modes a£ ■ are promoted to operators. 
At slight risk of confusion, we shall use the notation (42) invariably, pointing out the 
potential changes under quantization, as needed. 

We may use Kruskal coordinates to go beyond the horizon (r = 1) and into the past 
triangle whose boundary is X~ (r — > oo). The eigenfunctions in the southern diamond may 
then be written as linear combinations of eigenfunctions in the past triangle [4] . After some 
algebra, one obtains for the general wavefunction (38) 



<f>S(r,t,6) = <5> s+ (r,t,6) + <5>*-(r,t,6) (43) 



where 



oo . 

$ s -(r,t,0) = E y 



-o sinhvrw u ^ u 3 



and 



<*>3 



3> s +(t,6) = <f> s -^(t,e) , (44) 
B uj r~ h - (l - - 2 j F{b^ - 2 )e-^\ (45) 



Buj = iT(ifi) sin —(—iw + j + h-) , b^j = -(iv + j + hJ) . (46) 



7T 

In deriving the above, we used zl- 3 1 sin | J | + A) = sin (^j + A) in order to express the 
wavefunction entirely in terms of j rather than its absolute value, 
Near the boundary Z~ , we have 

where the boundary wavefunctions are 

^ s +(t,9) = tf s -t(t,0). (48) 

Similar expressions hold for boundary wavefunctions \E ,Ar± (t, 6) derived from the northern 
diamond. 



4 Symmetries and Corresponding Charges 

The group of isometries of de Sitter space in three dimensions is generated by the Killing 
vectors 

Co = ^(dt + ido), 
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C±i 



,±(t-W) 



^=d t - (d r t -o t 



Co = -(dt-ide) 
Cfci = \e ±{t+W) 



A - Vl-r 2 d r ± -d e 



forming a SL(2, C) algebra, 

[Cra,Cm] = («- ™)Cn+m , [Cn, Cm] = - m)Cn+m , n, m = -1,0,1 

We can easily construct the corresponding Noether currents and charges, 

Q _ / ^2v -0 -/i _ JiW /a 

where 

and similarly for Q n . Henceforth, we shall concentrate on the southern diamond and find 
the corresponding charge Q% by choosing £ = S 5 , as in eq. (34). The analysis of Q% on 
the northern diamond is similar. The total charge is 



(49) 
(50) 

(51) 
(52) 



Qn = Q S n +Q% 



(53) 



If we integrate by parts and use the wave equation (27), we can massage (51) into the form 

Q s n = (3> s \t n <$> s ) , (54) 

where the inner product is defined in (34). The Killing vectors Q n act on the eigenstates 

6 s - 



kS ,j ( ec L- (28)) in a particularly simple manner, 



, n , n = -1,0,1 . 



(55) 



This is partly due to our judicious choice of normalization constant (32) and is shown using 
standard hyper geometric function identities. Remarkably, eq. (55) is independent of the 
sign of j, even though its derivation follows different paths in the two cases, j > and 
j < 0, respectively. We may use it, together with the orthogonality conditions (33), to 
express the Noether charges (54) in terms of creation and annihilation operators. To arrive 
at such an expression for Q%, let us first write it in the form 



-1 00 POO 

Qn = o E / ^ < <* 5 |Cn<C-> 

Using (55), this can be written as 

z _■_ „ J -oo 



(56) 



(57) 



j=-oo 

Stifting uj — > to — ni, j — > j + n, yields 



Qn = 2 E / ^ ( i0J + 3 + nh +) a *-ni j+n <* 



UJJ/ 



(58) 
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The inner products may be easily evaluated by expanding $ in modes (eq. (38)). Using the 
orthogonality relation (33), we obtain 

Y 00 roc ^ 
j=-oo 00 

Shifting back to — ► lo + ni, j — > j — n, we obtain the equivalent expression 



j w roc 

Q S n = ~ A £ (- + J " a S J +m (60) 

3 — 



The above expressions are deceptively simple; their complexities are revealed in eqs. (39) 
and (36). Remarkably, even though they have been derived for n = —1,0, 1 as generators 
of isometries, they are well-defined for all n£Z. One may be tempted to use this fact to 
extend the SL(2, C) algebra of isometries to an infinite-dimensional algebra of the conserved 
charges Q% (n 6 Z). Unfortunately, these charges do not form a closed algebra. 

To remedy this, let us split the integral (60) into positive and negative frequencies, 

Q s = Q s + + Q s- (61) 
Using eq. (39), we may write in terms of positive frequencies as 

-1 00 poo J 

e = ^E / ^(-+i + ^-)^^-- + " ) «3^^ (62) 

j=-co 

It is straightforward to deduce from the definition (36), 

(ico + j + nh-)e 2i( -^-^- ni ^+ n) = {-) n {iuj + j + nh+) , n = -1,0,1 (63) 
It is worth mentioning that eq. (63) does not hold for any other n € Z. It follows that 



Qt = \ £ I (iu, + j + nh + ) «ft a S_ ni j+n 



(64) 



for n = —1, 0, 1. Shifting to — > co + ni, j — ► j — n yields an expression which matches the one 
for Qn + , as is evident from eq. (60). However, we need to exercise care in this shift, since 
the integral is over the positive real w-axis. The shift amounts to a contour deformation in 
the complex cj-plane and yields an additional contribution (see fig. 1 for n = 1; n = — lis 
similar; for n = we have 5Q$ = 0, trivially), 

1 00 r-n j\ 

S Qn = lH l— X + i + "ST, «f(A-n) , + n (65) 

j=-oo 

This can be seen to vanish by reflecting A — ► n — A, j — > — j — n. Using eqs. (39) and (63), 
we deduce (5Q^ = —SQ^, and therefore, 

<5Qn = (66) 

Thus, we arrive at a modified expression 

j=-oo 
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Figure 1: Contour deformation for (eq. (64)) for n = 1. 5Q% (eq. (65)) corresponds to an 
integral over the segment Ci- 



which agrees with (60) for n = —1,0, 1. We have been cavalier about ordering of modes, 
since we are discussing classical expressions. We shall use eq. (67) for all n G Z. These 
conserved charges form a closed algebra. It is a straightforward exercise to show that they 
form a Virasoro algebra, 

[QLQn] = (m-n)Qi +n , (68) 

with vanishing classical central charge. 

Next, we investigate how the charges act on a scalar field in three-dimensional de Sitter 
space. In the bulk (southern diamond) a short calculation shows that the charges act on 
the scalar field as 

[Ql$ s ]=( n <f> s , n = -1,0,1, (69) 

where C, n are the Killing vectors defined in (49), as expected. For all other n, we obtain 
nondocal expressions, since the corresponding charges do not generate local symmetries. 
Near the boundary X - , 



oo „ c 

[Q S n^-\=in £ / 

J —i 



duj 



Sinh7R<J J J 



-iujt+ijd 



(70) 



j=-oo 



where 



tn = ^ e- ntw (d w -nh-) , VneZ 



(71) 



generate conformal transformations on the boundary with w = + it (eq. (26)), obeying 
the algebra 

[Cm, Cn] = (m- n)i m+n (72) 
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and 

( 1 , u) > 

•F nuij = \ (73) 
V iuj+j—nh+ 

It is easy to see from eq. (63) that 



^ = 1 , G R , n = -1,0, 1 (74) 

therefore, 

[Q* , n = -1,0,1 (75) 

For other n, we may perform a high-frequency expansion. Using eq. (36), we obtain 

Fwj = l + o^iuj + j)- 1 ) , (76) 

therefore 

[Q* = + , (77) 
where the corrections vanish at short distances. 

5 Quantization 

The full quantum theory includes interactions between the scalar field (in general, matter 
fields) and the gravitational field. In the weak coupling limit (in which we are working), 
interactions may be ignored. It is often stated that matter fields do not contribute to 
the central charge, the latter being given by (1). However, the matter fields renormalize 
Newton's constant, hence also alter the central charge of pure gravity through (infinite) 
renormalization. For example, the component T zz of the scalar field stress-energy tensor in 
de Sitter space with metric (2) is modified to 

T gg = (d x *) 2 + GQ XX £ , C = ±<rd^d v $ - \m 2 ^ (78) 

when the metric is perturbed as in (24), and similarly for T zz . The vacuum expectation 
value of the modification is proportional to (C) and contributes an infinite renormalization 
to the gravitational field Thus, in the quantum theory, the stress-energy tensor of the 
matter fields cannot be separated in a meaningful way from the stress-energy tensor of 
the gravitational field. Consequently, the Noether charges Q n (n = —1,0,1) cannot be 
independently defined. The physical quantities are 

Q n = Q n + Ln = QS + Q N + Ln (7Q) 

where L n is given in bulk form (23), or by its equivalent boundary expression (21). When 
extended to all n G Z, the above conserved charges form a Virasoro algebra of central charge 
given by (22). 

S N 

On the other hand, because of symmetry, the infinities arising in Q n ' in the southern 
and northern diamonds, respectively, match each other. Consequently, the charges 

n n = Q s n - Q% (80) 
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are well-defined and form a Virasoro algebra of vanishing central charge, 

[11m, 1Z n ] = (m - n)1Z m+n (81) 

in the semiclassical approximation we are working in. 

We can build the Hilbert space by acting with creation operators on the product of the 
three vacuum states corresponding to the southern and northern diamonds (|0)s,jv) and the 
Liouville field Q, (\0)q), defined respectively by 

a^\0) s = , a r ! U!j \0) N = , lo > (82) 

Let us define the gravitational vacuum state |0)n as the SX(2,C) vacuum state satisfying 

L n \0)n = L n \0)n = , n > -1 (83) 

On the matter side, the <SX(2, C) invariant vacuum state is the Euclidean vacuum state 
defined by 

{°° r°° rit ) I 
E/ ^T3i a -" -j a "j ( \°)s ® |0>JV (84) 

j=-oo ' J 

where we have included an (infinite) normalization constant, Ce- Both Q!_ w j and a^j are 
creation operators for uo > 0, acting on the vacuum states |0)s 5 at, respectively. This state 
is annihilated by the appropriately normalized annihilation operators 

P uj = , = --{e^aZj-e-^aZj) , (85) 
V2sinh ttlo 

It should be emphasized that these are annihilation operators, for both positive and negative 
frequencies. They satisfy the commutation relations (cf. eq. (41)) 

IftwjiPt'j'] = sinh7ru; 5{uj - w')<%' ( 86 ) 

We may express the 'bulk' a-modes in terms of the Euclidean [3- modes by inverting (85). 
We obtain 

a*- = L (e^-ie^^.,.) 

V2sinh7ra; 

a" = - \ (e-™/ 2 ^ - ie™' 2 _,■) (87) 
V 2 smh ttuj J 

We may express the charges in terms of a-modes, 

Qn = Qn+Qn 

= \ E / ^ (iw + j - «L) {aj m - 4^,^} (88) 

j=-oo 

or equivalently in terms of the Euclidean creation and annihilation 0- modes, 
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_(^ + i + n/l+) e 2i(*u,- Bii+ »-^) ^ /?_„_,■} (89) 



after normal ordering. In particular, the generators of the SX(2, C) subalgebra take on a 
simple form, 

Qn= 2 ^ J tin^ {iUJ+j - nh - )P «+™i-^ j ' n= " 1 ' ' 1 ( 9 °) 

j=—oo 00 

on account of eq. (63), which however does not hold for any other n. Evidently, all charges 
annihilate the Euclidean vacuum, 

Qn\E) =0 , Vn £ Z (91) 

This implies (from eqs. (79) and (83)) 

Qn \E) ® |0) n = , n > -1 (92) 

confirming that this is a SL(2, C) invariant vacuum state for the entire system (matter + 
gravity). The other Virasoro generators 1Z n (eq. (80)) may also be expressed in terms of 
the /?-modes. They contain terms quadratic in creation operators /ft and therefore do not 
annihilate the Euclidean vacuum. 

The general wavefunction on the boundary is a linear combination of ty s± (eq. (48)) 
and its northern counterpart, ^ N± , and can therefore be expressed in terms of the a-modes 
or, equivalently, the /3-modes. Therefore, all Virasoro generators are expressible in terms 
of the modes of boundary wavefunctions, encoding the symmetries of the boundary CFT. 
No reference to the southern and northern diamonds in the bulk de Sitter space is needed. 
Observables in the bulk may be obtained in terms of the /3-modes. It would be desirable 
to study them in detail and develop a physical intuition in terms of the boundary CFT 
dynamics. 

6 Conclusion 

We studied the dS/CFT correspondence in three dimensions for a massive scalar field 
expanding on the resuls of ref. [4]. We obtained explicit expressions for the generators of 
isometries of dS^ and brought them to a form that suggested an extension of the algebra to 
an infinite-dimensional Virasoro algebra. We studied the action of the Virasoro generators 
on the boundary wavefunctions and discussed quantization based on the Euclidean vacuum. 
We showed that the Virasoro algebra could be defined entirely in terms of the dynamics 
of the boundary CFT which provided a dictionary for the dS/CFT correspondence. Thus, 
dS observables may be understood in terms of corresponding quantities in the boundary 
CFT. Further work on the CFT side is needed to develop physical intuition for and better 
understand the dS/CFT correspondence. 



13 



References 



[1] S. Perlmutter, "Supernovae, dark energy and the accelerating universe: The sta- 
tus of the cosmological parameters," in Proc of the 19th Intl. Symp. on photon 
and lepton interactions at High Energy LP99 eds. J. A. Jaros and M. E. Peskin, 
Int. J. Mod. Phys. A15 SI 2000 715 [eConfC 990809 2000 715 ]. 

[2] A. Strominger, "The dS/CFT correspondence," JHEP 0110 (2001) 034; 
hep-th/0106113. 

[3] V. Balasubramanian, J. de Boer and D. Minic, "Mass, entropy and holography in 
asymptotically de Sitter spaces," Phys. Rev. D65 (2002) 123508; hep-th/0110108 . 
M. Banados, T. Brotz and M. E. Ortiz, "Quantum three-dimensional de Sitter space," 
Phys. Rev. D59, 046002 (1999); hep-th/9807216 . 

B. Carneiro da Cunha, "Three-dimensional de Sitter gravity and the correspondence," 
Phys. Rev. D65 (2002) 104025; hep-th/01 10169 . 

B. Cosemans and G. Smet, "Stable de Sitter vacua in N = 2, D = 5 supergravity," 
hep-th/0502202 . 

A. M. Ghezelbash, D. Ida, R. B. Mann and T. Shiromizu, "Slicing and Brane de- 
pendence of the (A)dS/CFT Correspondence," Phys. Lett. B535 (2002) 315-320; 
hep-th/0201004. 

A. Guijosa and D. Lowe, "A new twist on dS/CFT," Phys. Rev. D69 (2004) 106008; 
hep-th/0312282. 

D. Klemm and L. Vanzo, "Aspects of Quantum Gravity in de Sitter Spaces," JCAP 
0411 (2004) 006; hep-th/0407255 . 

F. Lin and Y. Wu, "Near-Horizon Virasoro Symmetry and the Entropy of de Sitter 
Space in Any Dimension," Phys. Lett. B453 (1999) 222; hep-th/9901147 . 

D. Lowe, "g-Deformed de Sitter/Conformal Field Theory Correspondence," 
Phys. Rev. D70 (2004) 104002; hep-th/0407188 . 

A. J. M. Medved, "A Holographic Interpretation of Asymptotically de Sitter Space- 
times," Class. Quant. Grav. 19 (2002) 2883; hep-th/0112226 . 

S. Nojiri and S. D. Odintsov, "Wilson loop and dS/CFT correspondence," 
Phys. Lett. B528 (2002) 169; hep-th/0112152 . 

A. C. Petkou and G. Siopsis, "dS/CFT correspondence on a brane," JHEP 0202 (2002) 
045; hep-th/01 11085. 

A. Strominger, "Inflation and the dS/CFT Correspondence," JHEP 0111 (2001) 049; 
hep-th/01 10087. 

E. Witten, "Quantum gravity in de Sitter space," hep-th/0106109 . 

[4] R. Bousso, A. Maloney and A. Strominger, "Conformal vacua and Entropy in de Sitter 
Space," Phys. Rev. D65 (2002) 104039; hep-th/0112218 . 

[5] S. Cacciatori and D. Klemm, "The Asymptotic Dynamics of de Sitter Gravity in three 
Dimensions," Class. Quant. Grav. 19 (2002) 579; hep-th/0110031 . 

[6] D. Klemm, L. Vanzo, "De Sitter Gravity and Liouville Theory," JHEP 0204 (2002) 
030; hep-th/0203268. 

[7] D. Klemm, "Some Aspects of the de Sitter/CFT Correspondence," Nucl. Phys. B625 
(2002) 295; hep-th/0106247 . 



14 



[8] S. Ness, G. Siopsis, "dS/CFT Correspondence in Two Dimensions," Phys. Lett. B536 
(2002) 315; hep-th/0202096 . 

[9] O. Coussart, M. Henneaux and P. van Driel, "The Asymptotic dynamics 
of three-dimensional Einstein gravity with a negative cosmological constant," 
Class. Quant. Grav. 12 (1995) 2961; gr-qc/9506019 . 

[10] J. D. Brown and M. Henneaux, "Central Charges In the Canonical Realization 
Of Asymptotic Symmetries: An Example From Three-Dimensional Gravity," Com- 
mun. Math. Phys. 104 (1986) 207. 

J. D. Brown and J. W. York, "Quasilocal energy and conserved charges derived from 
the gravitational action," Phys. Rev. D47 (1993) 1407. 

[11] E. Witten, "2 + 1 Dimensional Gravity As An Exactly Solvable System," 
Nucl. Phys. B311 (1988) 46. 

[12] A. Achucharro and P. K. Townsend, "A Chern-Simons Action For Three-Dimensional 
Anti-De Sitter Supergravity Theories," Phys. Lett. B180 (1986) 89. 



15 



